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Abstract
We present results on the light emission of Si nanocrystals embedded into a SiO2 matrix obtained via ion
implantation. As measurement temperature increases, the main photoluminescence peak shows a shift which is 
consistent with recombination involving confined electronic states of the nanoparticles around 150 – 170 K when
the emission shows a sudden blueshift. After that, the usual energy redshift as temperature increases follows again.
It was showed before that silicon nanoparticles light emission present a coexistence of localized states (surface or
interface, that dominate the emission spectra at room temperature) and confined states (quantum confinement,
dominating the low temperature range). In this work we investigate whether this anomaly in the nanoparticle PL 
peak energy as a function of temperature might be related to some of these localized states.
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1. Introduction 
Silicon nanoparticles have been extensively studied in the last years due to their intense light emission 
when compared to bulk Silicon [1-14]. This has opened the possibility of developing fully-integrated all-silicon 
optoelectronics [15,16]. However, a controversy on the emission mechanisms of the Si nanoparticles still remains: 
part of the community advocates for localized (surface) state recombination [4, 17] and other groups point to direct 
recombination via quantum confined states of the nanoparticles [18]. In the recent years, a new way of producing Si 
nanocrystals into a SiO2 matrix, namely via ion implantation on that layer, has been developed and particularly good 
results on light emission efficiency were obtained by increasing the substrate temperature during the implantation 
process [19,20]. Recently we performed a detailed, consistent study of the optical properties of Si nanoparticles 
(NP) obtained by ion implantation and showed that their light emission presents a coexistence of the two 
mechanisms commented above, and that each of them dominates the light emission process in different temperature 
ranges [21]. In the present work we show evidence that the simplified localized state picture found in the literature 
might not be complete. We performed photoluminescence (PL) as a function of the temperature and found a strong 
deviation of the PL energy shift around 150 K. A detailed study shows that in addition to the dominance of localized 
states above 290 K previously reported [21], we identify another possible contribution of localized states with lower 
binding energy. 
2. Experimental procedure 
Samples were fabricated by Si ion implantation into a 480 nm thick SiO2 layer on top of a Si substrate, 
followed by thermal treatment at 1150 oC for 60 minutes [19]. In the present work we will concentrate on samples 
RT60 and HI60 (RT and HI for different substrate temperature, room temperature and 600 oC). Photoluminescence 
(PL) measurements were performed at temperatures ranging from 2 K to 510 K, under a 532 nm continuous 
excitation (0.03 W/cm2) and with an special emphasis around 150 K (between 130 K and 180 K). 
3. Results and Discussion 
Fig. 1 displays typical PL spectra of samples RT60 and HI60 at 10 K, under a 0.03 W/cm2 excitation. The 
difference between the spectra is due to the early nanoparticle nucleation due to the higher substrate temperature 
during implantation [19]. This leads to additional emission lines around 1.2 eV for sample HI60. We will focus our 
attention to the higher energy PL peak, indicated by a straight line in Fig. 1, which is well separated from the other 
contributions [21]. 
 Fig. 2 shows the PL peak position of that transition as a function of the temperature for samples RT60 and 
HI60. The behavior can be described, with reasonable accuracy, by a simple spherical, quantum confinement 
potential calculation [21]. However, looking in more detail to the variation of this emission in function of 
temperature, at low temperature we see a redshift until the temperature reaches 150-170 K, when the emission 
shows a sudden blueshift. After that, the usual energy redshift as temperature increases follows again.  Finally, at 
290 K the energy shift of the photoluminescence peak seems to cease, staying almost constant at 1.54 eV for a 
room-temperature implanted sample and at 1.52 eV for the high-temperature implanted sample [21].  
In order to better characterize this unusual behavior, we performed PL measurements between 140 K to 
170 K with smaller temperature steps, and the final data for sample RT60 are presented in Fig. 3. It is evident that a 
different process is contributing for PL emission at this temperature interval. Points for either lower or higher 
temperature follow the trend showed in Fig. 2, and a similar behavior is obtained for sample HI60 (not shown for the 
sake of clarity). If one takes into consideration quantum confinement alone, there is no known mechanisms that 
could be responsible for the small deviations of Figs. 2 and 3. However, as pointed out in our previous work [21], 
there is a coexistence of different contributions for the optical emission of Si nanoparticles obtained via ion 
implantation: quantum confined states recombination (dominating at lower temperatures) and localized states 
(dominating light emission for room temperature and above). On this light, we might be experiencing a different 
localized state channel on recombination diagrams, temperature activated. 
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Figure 2: Temperature dependence of PL energies
for samples RT60 and HI60.
Figure 1: Photoluminescence spectra of samples
RT60  and HI60, at10 K. Additional emission at 1.2
eV for sample HI60 is related to the higher
substrate  temperature during implantation process
[20].
Some more light might be brought on this issue when we compare the evolution of the individual PL 
spectra at these temperatures, which is plotted in Fig. 4. There it can be observed that PL spectra suffers a gradual,
qualitative change for increasing temperatures. For 110 K we see the higher energy PL peak dominating the
spectrum, and this contribution progressively looses intensity for lower energy contributions, that eventually
dominate the PL spectra above 180 K. One could question whether the behavior of Fig. 3 might be a fitting artifact;
however a similar behavior is found for sample HI60 despite the higher energy peak being always less intense than
lower-energy contributions (see Fig. 1). Since the situation of Fig. 3 is found for other samples of the set (not shown
here), we believe that there is a temperature-dependent physical mechanism acting on the light emission at this
temperature interval.
Figure 4: PL spectra of sample RT60 as a function
of temperature, within the range 110 K – 190 K.
An intensity inversion occurs at this transition,
associated with the unusual energy blue shift of PL
peak
Figure 3: Temperature dependence of PL
energies for sample RT60 within the temperature
interval 140 K – 170 K.
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A behaviour similar to this is usually found, however for lower temperatures, on semiconductor 
heterostructures with rough interfaces [22]. In this situation, there are local and absolute potential minima for the 
interaction of the electron with the heterointerface; as temperature increases, the additional thermal energy allows 
carriers in the absolute minima to overpass the small potential barriers and occupy the local energy minima, which 
leads to a “S”-like shape in the PL energy vs. temperature curve [22]. Due to the temperature interval where our PL 
anomaly occurs (see Fig. 3), we can estimate a ~ 13 meV for the onset of this localization contribution. The opening 
of this additional recombination channel for this process, however, saturates with increasing temperature, allowing 
usual confined level recombination to be observed continuously up to 270 K, where localized (surface) states 
contribution dominates (high temperature regime) [21].  
4. Conclusions 
  In summary, we presented data on temperature dependence of Si nanoparticle light emission that showed 
an anomaly around 140 – 170 K. This blue shift is not expected when thinking on carrier recombination via confined 
levels of the Si NP, but is consistent with opening a new recombination channel associated with localized (surface) 
states with activation energy of ~ 13 meV. Their density of states should be low so that usual energy red shift of PL 
line for increasing temperature is recoverd after 175 K. We believe that this is another evidence of coexistence of 
both localized and confined state recombination for explaining light emission of Si nanoparticles. 
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